Small RNA molecules regulate eukaryotic gene expression during development and in response to stresses including viral infection. Specialized ribonucleases and RNA-binding proteins govern the production and action of small regulatory RNAs. After initial processing in the nucleus by Drosha, precursor microRNAs (pre-miRNAs) are transported to the cytoplasm, where Dicer cleavage generates mature microRNAs (miRNAs) and short interfering RNAs (siRNAs). These double-stranded products assemble with Argonaute proteins such that one strand is preferentially selected and used to guide sequence-specific silencing of complementary target mRNAs by endonucleolytic cleavage or translational repression. Molecular structures of Dicer and Argonaute proteins, and of RNA-bound complexes, have offered exciting insights into the mechanisms operating at the heart of RNA-silencing pathways. 
RNA-induced silencing complex (RISC)
Such insights will be essential to future success in harnessing RNAi and related processes for both therapeutics and genome engineering.
This review focuses primarily on structural and mechanistic studies of the human miRNA pathway. In many cases, macromolecular structures and interactions that are part of miRNA pathways are analogous to those responsible for siRNA activities. In contrast, the key molecular players involved in the germ line-specific PIWI-interacting RNA (piRNA) pathway have remained so mysterious that little biophysical study has been possible until very recently. Emerging structures of the endoribonuclease Zucchini provide a foundation for mechanistic study of piRNA biogenesis (35, 66, 91) .
Biogenesis and Action of miRNA and siRNA
The three pathways of RNAi (miRNA, siRNA, piRNA) share a common mode of action: The minimal effector is a ribonucleoprotein complex comprising an Argonaute family protein bound to a single-stranded ∼20-to 30-nt RNA that grants specificity via base-pairing interactions with the gene target. In miRNA and siRNA pathways, this is known as the RNA-induced silencing complex (RISC) and it drives silencing of a target mRNA via degradation and/or transcriptional repression (Figure 1) . The cellular origins of miRNA and siRNA are somewhat disparate: miRNAs are derived from the genome, whereas siRNAs may be endogenous or arise via viral infection or other exogenous sources (7) . Another key difference occurs in the double-stranded RNA (dsRNA) precursors of each: siRNA duplexes feature perfect base-pairing, whereas miRNA helices contain mismatches and more extended terminal loops. Despite their differing origins, these processing pathways converge once either type of RNA assembles into the RISC.
Typically, the genesis of a miRNA occurs in the nucleus with a transcript known as a primary miRNA (pri-miRNA); such transcripts are at least 1,000 nt long, containing single or clustered double-stranded hairpins that bear single-stranded 5 -and 3 -terminal overhangs and ∼10-nt distal loops (75) . A pri-miRNA is cropped by the microprocessor complex, comprising Drosha, an RNase III family enzyme, and DiGeorge syndrome critical region gene 8 (DGCR8), a protein containing two double-stranded RNA-binding domains (dsRBDs) (42) . DGCR8 recognizes the pri-miRNA's junction of stem and single-stranded RNA, which likely helps position Drosha for the endonucleolytic cleavage it performs on the stem ∼11 base pairs (bp) from the junction (31) . The resulting ∼65-to 70-nt precursor miRNA (pre-miRNA) associates with transport facilitators Exportin-5 and RanGTP and is exported to the cytoplasm (54) .
In the cytoplasm, the processing pathways converge for endogenous miRNAs and for typically exogenous siRNAs. Both types of RNAi precursors are trimmed down to a dsRNA duplex of the appropriate size for loading onto an Argonaute protein; this is typically performed by a Dicer enzyme. Dicers are large endoribonucleases containing a helicase domain and an internally dimerized pair of RNase III domains, but this composition can vary between organisms (80). Before or after they are excised, introns may serve as viable substrates for microprocessor or Dicer, acting as pri-or pre-miRNAs, respectively (42) . In plants, dicing precedes methylation of the 3 -terminal nucleotide's 2 -hydroxyl by the methyltransferase HEN1 (34) . The resulting dsRNA is a duplex of 21-to 25-nt strands, bearing a 2-nt overhang at each 3 terminus and a phosphate group at each recessed 5 terminus (78) . With this enzymatic step and the subsequent loading of duplex onto Argonaute, Dicer may be aided by a dsRNA-binding protein (dsRBP) such as TAR RNA-binding protein (TRBP). These three proteins (Dicer, Argonaute, and a dsRBP) constitute a minimal RISC-loading complex (RLC), which is responsible for generating diced dsRNA and loading it onto Argonaute (61) . Once the dsRNA helix is presented to Argonaute, the 3 terminus and 5 phosphate of the guide strand are bound by the protein's PAZ (named for its presence www.annualreviews.org • 
Mechanisms of RNAi

ssRNA:
single-stranded RNA in PIWI, Argonaute, and Zwille proteins) and MID domains, respectively, generating the RISC. RISC loading is coincident with the strand selection step, wherein one strand of the duplex is bound to Argonaute to direct silencing and the other strand is discarded. These strands are known as the guide and passenger strands, respectively, and their selection is a key determinant of the silencing that follows. The transient complex consisting of Argonaute bound to the guide strand and a passenger strand that has yet to be cleaved and/or dissociate is known as the pre-RISC. In the case of the miRNA pathway, the strand from the duplex that is most commonly loaded is known as the miRNA and the opposing strand is termed the miRNA * . The RISC performs cellular surveillance, binding single-stranded RNA (ssRNA) such as mRNA with complementarity to the Argonaute-bound guide strand. Guide strand nucleotides 
5'
Seed sequence: positions 2-8 of the guide stand; a region whose target complementarity is critical in determining the efficacy of silencing aa: amino acid 2-6 constitute the seed sequence and initialize binding to the target. This binding need not involve perfect complementarity, and the extent of base-pairing influences how the subsequent silencing transpires. In cases of perfect complementarity, target cleavage can occur if the Argonaute present bears catalytic activity (as is true for just one of the four human AGO proteins, Ago2). The RISC can also induce nonendonucleolytic translational repression before or after initiation; this may be followed by deadenylation and degradation. Additional cellular machinery is responsible for the processes downstream of target binding, and the Argonaute-binding protein GW182 is a key mediator in recruiting these additional components to the RISC and in localizing silencing activity to cytoplasmic loci known as processing (P) bodies (20) . These complicated gene-silencing mechanisms were initially unclear and appeared daunting, but a recent surge of information has shed light on major pathways and is reviewed in Reference 22.
ACTIVITY, STRUCTURE, AND INTERACTIONS OF miRNA PATHWAY PROTEINS
Microprocessor
Before their export to the cytoplasm for further processing and silencing, nuclear pri-miRNAs must be recognized and cleaved. These respective tasks are carried out by the proteins Drosha and DGCR8 (known as Pasha in invertebrates), which together constitute the microprocessor complex. As with Dicer, Drosha proteins belong to the RNase III family, whose members contain a dimeric active site (60) . The minimal endonucleolytic active site is composed of two ∼100-amino-acid (aa) RNase III domains; in bacterial or yeast (class 1) enzymes, these domains result from homodimerization of two identical protomers. In contrast, the pair of RNase III domains composing the active sites of Drosha (class 2) and Dicer (class 3) enzymes are provided as an adjacent pair on the same chain, forming a pseudodimer. Regardless of a given protein's class, the most C-terminal RNase III domain is followed by a ∼70-aa dsRBD, which confers sequencenonspecific dsRNA binding. All three classes of RNase III enzymes utilize each catalytic domain to cleave a single strand of the dsRNA substrate, working in unison to produce new dsRNA termini bearing 2-nt 3 -terminal overhangs and 5 -terminal phosphate groups (60) .
In the context of the microprocessor complex, Drosha performs cleavage consistent with its identity as an RNase III enzyme (49) . The portion of the protein N-terminal to its paired catalytic domains is typical of a class 2 RNase III in that it contains a proline-rich region, but the function The siRNA (left) and miRNA (right) pathways of RNA interference. Protein domain architecture is approximated in the illustrations here, and domain coloring is maintained in subsequent figures. For clarity, one dsRBD has been omitted from each of the Dicer and microprocessor illustrations. The siRNA pathway (left) begins with Dicer's cleavage of dsRNA of exogenous or nuclear origin. The resulting siRNA duplex is loaded onto Argonaute by the RISC-loading complex, which comprises Dicer, a dsRBP protein such as TRBP, and an Argonaute protein. The passenger strand ( gray) is cleaved and ejected. The guide strand (red ) remains bound to Argonaute, forming the RISC. The RISC binds to complementary target sequences (black) and silences them via the slicing activity of Argonaute. In the miRNA pathway (right), a primary miRNA transcript is cropped by the microprocessor complex, which consists of the endonuclease Drosha bound to DGCR8. The resulting pre-miRNA is exported to the cytoplasm, where dicing and RISC loading take place as in the siRNA pathway. Passenger strand ( gray) ejection may take place without concomitant cleavage, and the guide strand (red ) drives silencing as part of the mature RISC. In cases of a catalytically inactive Argonaute or partial complementarity to the target (black), silencing takes place via pre-or post-initiation translational repression and deadenylation followed by degradation of the mRNA. of this portion remains unknown (Figure 2a ). Drosha's C-terminal dsRBD is canonical in its sequence and tertiary structure (64) and is required for pri-miRNA processing in vivo (2) but does not appear to play a substantial role in substrate binding or recognition in vitro (101) , tasks instead performed by DGCR8 (31) . Accordingly, Drosha cleaves pri-miRNAs indiscriminately in the absence of DGCR8 (27) . DGCR8's dsRNA binding is carried out by a pair of dsRBDs in its C-terminal half; its N terminus contains a structurally characterized, heme-binding dimerization domain (79) and is otherwise of unknown structure and function, though its tryptophan-rich region has been hypothesized to interact with the proline-rich region of Drosha's N terminus (27) (Figure 2a ).
The structure of the DGCR8 core. The crystal structure of DGCR8's dsRBD pair revealed two domains, each adopting the traditional fold: an α/β sandwich with the terminal α-helices resting atop a three-stranded β-sheet (Figure 2b ). These two domains are surrounded by several additional secondary structural elements that contribute to a well-ordered quaternary structure (the DGCR8 core), orienting the two dsRBDs with respect to each other without disrupting either individual structure from the canonical geometry. The DGCR8 domains were crystallized in the absence of RNA, yet concomitant binding studies via electrophoretic mobility shift assay (EMSA) and fluorescence resonance energy transfer (FRET) revealed that the dsRBDs interact with dsRNA but not with ssRNA. Although the dsRNA affinity is anticipated for a pair of orthodox dsRBDs, the lack of affinity for ssRNA is somewhat surprising because the DGCR8-binding site is a junction between a helical stem and two flanking strands of ssRNA (stem-ssRNA junction) (Figure 1 ). This binding site is inferred on the basis of cleavage assays that reveal DGCR8 to be the factor responsible for correctly positioning and orienting the microprocessor for Droshacatalyzed cleavage ∼11 bp from the stem-ssRNA junction (31), but it remains unclear which region of DGCR8 or Drosha is responsible for recognition of the flanking ssRNA.
Dicer
The Dicer family of class 3 RNase III enzymes is vital to siRNA and miRNA pathways. These proteins generate dsRNAs suitable for loading onto an Argonaute protein, a process in which Dicer may participate as part of the RLC. Dicer's active center is derived from bacterial class 1 RNase III enzymes, which comprise an RNase III domain with a C-terminal dsRBD (80) . Bacterial enzymes dimerize to achieve concerted cleavage of both strands of a dsRNA substrate. Class 3 Dicer enzymes accomplish similar dsRNA cleavage using a pseudodimer of RNase III domains on a single polypeptide with a single C-terminal dsRBD (60) . N-terminal to these paired active sites is a PAZ domain, which recognizes the dsRNA end characteristic of RNAi intermediates (57) (Figure 3a) . The PAZ and RNase III domains act together as a molecular ruler to mete out diced strands of RNA appropriate for a given organism's silencing machinery, as discussed in greater depth below. A distinguishing characteristic of Dicer is the superfamily 2 helicase domain often found at its N terminus. This ≥600-aa domain belongs to the eukaryotic RIG-I family of helicases, which is characterized by a bilobal architecture comprising DExD/H and helicase C regions, the former of which is expected to bind and potentially hydrolyze ATP (104) . The function of this helicase domain is still being defined in the case of humans, whereas the helicase domain can recognize either miRNA or siRNA precursors (see below) in the Dicer enzymes of Drosophila. In some cases Dicer's helicase domain also contains a binding site for a dsRBP such as TRBP in humans.
Dicer's domain structure varies between organisms, yet its principal dicing function is preserved. Giardia intestinalis Dicer lacks a helicase domain (59) , and the budding yeast . This enzyme lacks a PAZ domain and uses neighboring molecules to measure its product. This model depicts two homodimers of the enzyme, each bearing a single RNase III domain, contacting each other to measure a 23-nt product. The resulting dsRNA originates from the center of the substrate duplex, in contrast to the end-derived products generated by PAZ-containing Dicers. (d ) The global architecture of human Dicer. Homologous domains of known structure have been docked onto a segmented electron microscopic map (PDB IDs: 4A36, 2KOU, 2FFL, and 3C4T). The helicase domain resembles a clamp and is optimally oriented to guide an incoming dsRNA substrate (black and white coil ) toward the RNase IIIa/b active center and PAZ domain. Relative to the G. intestinalis enzyme, a ruler domain is inserted and the PAZ domain is reoriented with respect to the RNase III catalytic center. These changes likely relate to the fact that human Dicer products are four nucleotides shorter than those of G. intestinalis.
domain (96) (Figure 3a) . These helicase-lacking enzymes may have lost dsRBP binding capability as well, considering the aforementioned interface. In a case of specialization, Drosophila employs a pair of Dicer enzymes and corresponding dsRBPs to create parallel processing pathways for siRNAs and miRNAs (9) . Plants such as Arabidopsis thaliana take such specialization further with four Dicer-like proteins (DCL1-4): DCL1 for generation of 21-nt miRNAs and DCL2-4 for processing of siRNAs of 22, 24, or 21 nt, respectively (74).
Dicing activity. Dicer's principal function is to recognize dsRNA precursors from the RNAi pathway and sever both strands to generate dsRNAs of a specific length, typically 21-25 nt (4). Recognition and cleavage of a generic segment of dsRNA helix can be expected of any enzyme system bearing a pair of RNase III domains. These dimerized domains bear two active sites and a flat, positively charged surface that can accommodate a long RNA helix. Each active site bears four acidic residues that coordinate two Mg 2+ ions used in phosphodiester hydrolysis of each RNA strand (26, 84) (Figure 3b) . The dsRNA terminus characteristic of RNAi pathway precursors (a 2-nt overhang on the 3 terminus and a phosphate-bearing 5 terminus) can be recognized by the Dicer's PAZ domain, as was revealed by a crystal structure of human Argonaute's similar PAZ domain bound to one such RNA terminus (see below) (57) .
The RNA-measuring component of Dicer's function was revealed upon structure determination of the G. intestinalis version of the protein, wherein the PAZ domain is located 65Å from the catalytic center (59) (Figure 3b) . This distance corresponds to the length spanned by ∼25 bp of dsRNA, which is consistent with the 25-to 27-nt products generated by G. intestinalis Dicer. The distance between the end-binding PAZ domain and the RNase III cleavage sites is determined by structural orientation of the domains; these domains likely undergo rearrangement in other Dicer incarnations to produce the observed products of differing lengths. G. intestinalis Dicer lacks the typical N-terminal helicase and C-terminal dsRBD domains, suggesting that these elements fulfill roles supplementary to dicing (59) . This finding is consistent with the observation that a truncated form of human Dicer lacking helicase and dsRBD domains retained dicing activity (55) . More recent studies show that the dsRBD can rescue activity in a form of human Dicer lacking its PAZ domain, though the resulting products vary in length as might be expected (56) .
Also lacking a helicase domain is Dicer of the budding yeast K. polysporus, Dcr1, which represents an extremely pared down version of the enzyme that nevertheless retains its ability to specify product size in the absence of a PAZ domain (Figure 3a) . Its single RNase III domain dimerizes to cleave dsRNA; despite this similarity to class 1 bacterial enzymes, K. polysporus Dcr1 remains classified with other class 3 enzymes owing to similarity in sequence and active site composition. A crystal structure and concomitant mechanistic studies revealed that Dcr1 dimers cleave dsRNA at precise intervals by abutting each other along the helix and measuring the product based on the distance (23 nt) occupied by the protein structure between the neighboring pairs of active sites (96) (Figure 3c ). This mechanism contrasts starkly to that of canonical Dicers, which measure from a dsRNA's terminus; K. polysporus Dcr1 begins at an arbitrary point within a dsRNA and works outward in 23-nt steps. Its mode of action is predicated on slow substrate release, which was indeed reported and is likely facilitated by one or both of the enzyme's two C-terminal dsRBDs (96) .
The role of Dicer's helicase domain in RNA recognition. The function of Dicer's helicase domain is best understood in the case of Drosophila Dicer-2. Dicer-2 is specialized to process siRNA precursors, which are longer, perfectly paired dsRNAs; Dicer-1 handles the shorter and imperfect pre-miRNA hairpins (9) . The canonical helicase domain of Dicer-2 consumes ATP to translocate the enzyme with respect to a long dsRNA, enabling processive generation of many siRNA duplexes from a single substrate helix (9) . Furthermore, this domain facilitates processing of dsRNA substrates that lack the characteristic 2-nt 3 -terminal overhang (97) . The divergent Dicer-1 helicase domain contains a helicase C moiety but lacks the DExH/D lobe, providing an explanation for its inability to translocate along dsRNA. This modification does not completely abolish RNA binding: The domain has been implicated in recognition of the ssRNA loops characteristic of pre-miRNA hairpins, thus contributing to the enzyme's specificity (90) .
The parallel processing pathways for siRNA and miRNA are mirrored by a duplication of RNAi machinery in Drosophila, leading to differing, specialized helicase domains. But in humans, a single Dicer is responsible for handling both types of precursors. How does the single human Dicer recognize and process both types of substrates? Has the human helicase domain evolved greater adaptability in substrate specificity or has it experienced a partial loss of function? These www.annualreviews.org • Mechanisms of RNAiquestions remain to be fully resolved, but it seems that a loss of function has taken place since the human domain appears better adapted for the miRNA pathway. Unlike for Drosophila Dicer-2, RNA processing for human Dicer is ATP independent; thus, the helicase domain is unlikely to be involved in translocation of long dsRNA (103) . Two biochemical reports implicate it in aiding miRNA processing, probably via binding of the pre-miRNA loop (56, 82) .
A recent electron microscopic (EM) study elegantly employed extensive tagging and deletion of domains to deduce for the first time the global domain orientation of human Dicer (46) (Figure 3d ). One surprising observation was the reorientation of the RNase III nuclease core with respect to the PAZ domain when comparing the structure of human Dicer to that of G. intestinalis Dicer (59) . This global reorganization likely stems from the 4-nt (one-third of a dsRNA helical turn) length difference between the products of the two enzymes and the differing associated geometric requirements for cleavage (46) . Similar rearrangements might be expected in Dicers producing products with other lengths. Data interpretation was bolstered by structure determination of the helicase RIG-I, which provided a model that was readily positioned into the EM density for the related helicase domain of human Dicer (43) . The EM reconstruction of the elongated human Dicer revealed a helicase that is distal from the PAZ domain, with the paired RNase III active sites resting in between. This architecture is consistent with both known functions of the helicase domain. For pre-miRNAs, the PAZ domain recognizes the 2-nt overhang and the helicase recognizes the hairpin's loop on the other end. For long dsRNA substrates, the helicase domain can feed the helix toward the catalytic center to generate multiple siRNAs. Accordingly, a concomitant EM reconstruction of the siRNA-specific Drosophila Dicer-2 revealed an architecture remarkably similar to that of human Dicer (46).
Dicer's interactions with other proteins. As part of the RLC, Dicer associates with an Argonaute protein and a dsRBP such as TRBP in humans. The mechanistic implications of these interactions for the processes of strand selection and RISC loading are discussed below. The dsRBPs of RNAi tend to comprise three dsRBDs connected by long, flexible linkers. The third such domain of TRBP interacts with a region of Dicer's helicase located between the DExD/H and helicase C lobes (13) . The interaction with Argonaute takes place between a portion of that protein's PIWI domain and a region within the RNase III domain closer to the N terminus of Dicer (76, 85) . The conserved Argonaute-interacting site on Dicer is present only in vertebrates, so Argonaute binding must be absent or manifested differently in other nonvertebrate RNAi systems (76) .
A solution structure of the DUF283 domain of A. thaliana DCL4 revealed a noncanonical dsRBD fold that interacts with the second dsRBD of DRB4, a dsRBP homolog of TRBP (74) . DRB4 contains two dsRBDs but lacks a predicted third C-terminal dsRBD typically found in dsRBPs of RNAi pathways. This third dsRBD is commonly implicated in interactions with Dicer's helicase, so A. thaliana appears to have evolved a different strategy for recognition between the two proteins. Indeed, the paralogous Arabidopsis protein pair DCL1 and DRB1 (also known as HYL1) similarly interact via their respective DUF283 and second dsRBP domains (74) .
dsRBPs
Dicing and RISC loading are aided to varying degrees by dsRBPs, which associate with a Dicer protein and typically comprise two or three dsRBDs. The dsRBD is widespread and typically recognizes dsRNA on the basis of its A-form helical shape with moderate to high affinity and in a sequence-nonspecific manner (17) . These proteins typically contain a C-terminal noncanonical dsRBD dedicated to protein interaction instead of dsRNA binding. TRBP is the best characterized dsRBP of the human pathway, and its 366-aa polypeptide bears three ∼70-aa dsRNA-binding domains separated by two ∼70-aa stretches of disordered linker (Figure 4a) . Resembling beads on a string, this domain architecture suggests that the protein may be involved in a dsRNA handoff between Dicer and Argonaute (92), but detailed mechanistic evidence is scarce. RNAi pathway dsRBPs have been implicated in strand selection (8) , stabilization of the miRNA-generating complex (72), tuning of mature miRNA length (25, 47) , and segregation of siRNAs into distinct pathways (32, 68) .
Functional coupling between Dicers and dsRBPs.
The multiplicity and diversity of dsRBPs impede facile prediction of their roles in RNAi pathways. A. thaliana represents an extreme case, bearing five dsRBPs serially named DRB1-5. Although these might be expected to generally pair off with the four Dicer-like proteins DCL1-4, such pairings are observed only for DRB1/DCL1, which produces miRNAs, and for DRB4/DCL4, which processes siRNAs (12) . DRB2, DRB3, and DRB5 seem somewhat redundant, whereas DCL2 and DCL3 appear to function unhindered in the absence of a dsRBP partner (12) . Drosophila harbors a slightly more streamlined system in which Dicer-1 pairs with the PB isoform of dsRBP Loquacious (Loqs-PB) to process pre-miRNAs and Dicer-2 binds either R2D2 or Loqs-PD to process siRNAs of exogenous or endogenous origin, respectively (32) . The human system includes a solitary Dicer and two dsRBPs, TRBP and PACT, that play poorly delineated roles in small RNA processing (50) . Although it is tempting to speculate that one human dsRBP is responsible for siRNA while the other tends to miRNA, such evidence has yet to be found. Human Dicer's interaction with both TRBP and PACT is complicated because each of the two dsRBPs has been reported to homodimerize and to form heterodimers with the other (45) . These dimerization interactions have been localized to the atypical yet conserved C-terminal dsRBD of each protein, which also recognizes Dicer (13) . Until it is determined whether any of these binding interfaces are mutually exclusive, there are at least two plausible scenarios: Dicer can bind to TRBP or PACT interchangeably, or Dicer can bind to TRBP and PACT simultaneously at distinct sites.
Structure and RNA recognition of dsRBPs. Structural study of dsRBPs has been fruitful, although not particularly illuminating regarding mechanism. Structures have been reported for the first two dsRBDs from TRBP, dsRBD1 and dsRBD2, with the latter bound to dsRNA (98) . The RNA-bound structure adopts an α/β sandwich that embodies the binding mode characteristic of a canonical dsRBP: The A-form helical geometry of dsRNA is recognized using protein loops and helices to bind the phosphate backbone at three points: two regions of minor groove surrounding a major groove along one face of the helix (17) (Figure 4b) . RNA recognition is shape based and not sequence specific, as might be expected in consideration of the requirements of the system. The implications of this mode of recognition for strand selection are discussed below. Protein sequence differences subtly tune the dissociation constants of isolated dsRBD1 and dsRBD2 to 220 and 113 nM, respectively, and their collaborative affinity is 0.24 nM in the context of the full-length protein (98) . Similar variability in affinity is likely to be found on other RNAi pathway dsRBDs with little or no deviation from the canonical fold. No structural information is available for the noncanonical RNAi dsRBDs, which employ unknown means to recognize Dicer and/or other noncanonical dsRBDs.
Argonaute
The functional lynchpin of all RNAi pathways is an Argonaute family protein bound to a strand of silencing RNA, which forms the minimal effector complex known as the RISC. The RISC performs cellular surveillance, silencing ssRNA sequences complementary to its bound guide strand. Argonaute proteins are found in bacteria, archaea, and eukaryotes. Whereas the former two groups contain Argonautes of poorly defined function (80), their eukaryotic counterparts have evolved into two clades with distinct functions. Proteins of the AGO clade mediate cytosolic gene silencing while bound to siRNAs or miRNAs, and PIWI clade proteins interact with piRNAs to manage mobile genetic elements of the germ line (29) . Humans have four proteins of the former clade, Ago1-4. Of these four, only Ago2 exhibits slicer activity: the endonucleolytic cleavage of bound target ssRNA (37) . Such activity is not required for gene silencing; human AGO proteins can accomplish regulation by binding a target, repressing its translation, and recruiting cellular machinery to induce deadenylation and mRNA decay (36) .
The key functions of Argonaute are recognition of guide strand termini, target cleavage, and recruitment of other proteins involved in silencing. Eukaryotic Argonaute proteins adopt a bilobal architecture, with each lobe containing either the N-terminal (or simply N) and PAZ domains or the MID and PIWI domains (Figure 5a,b) . A series of illuminating crystal structures has provided the initial details of how individual domains function in isolation, ultimately clarifying how they work together in the context of a competent RISC complete with guide strand and target ssRNA. Via their similarity, structures of ternary complexes between RISC and target have shed light on the approximate structure of the pre-RISC awaiting passenger strand dissociation.
Recognition of guide strand termini by Argonaute. The first Argonaute fragment structures revealed that the PAZ domain is responsible for recognizing 2-nt 3 -terminal overhangs, a finding with functional implications for PAZ-containing Dicer enzymes as well. The domain provides a pocket to accommodate 2 nt of a 3 terminus while making less extensive contacts with the 5 terminus present in many dsRNAs of RNAi pathways (52, 57, 99) (Figure 5c ). Side chains of the PAZ domain partake in extensive polar interactions with the bound RNA's buried phosphate group and sugar hydroxyls, though there are no specific contacts to the bound 2 -OH groups, consistent with RNAi being tolerant of such modifications (11, 57) . The terminal nucleobase is partially buried in a hydrophobic cavity and the edges of the terminal two bases remain exposed to solvent, indicative of sequence-nonspecific recognition (57) .
In contrast to the indiscriminate 3 -terminal binding, 5 termini tend to bear a particular nucleotide depending on the identity of the associated Argonaute protein (41) . Crystal structures of eukaryotic Argonaute MID domains, some in complex with the four different nucleoside monophosphates mimicking the 5 end of miRNAs, revealed specific contacts between a rigid loop in the MID domain and the nucleobase of UMP or AMP (5, 24) (Figure 5d ). The electrostatic environment generated by the functional groups of this loop is incompatible with CMP or GMP binding, a result consistent with NMR titration experiments showing that binding affinities of UMP (0.12 mM) and AMP (0.26 mM) are 30-fold lower than those measured for either CMP (3.6 mM) or GMP (3.3 mM) (24) . The MID domain also bears two invariant lysines that recognize the 5 -terminal phosphate present in silencing RNAs (6) . A crystal structure of an Archaeoglobus fulgidus PIWI enzyme provided the first information on the conformation of a guide strand bound in a MID domain (71) . The RNA is bound such that the 5 -terminal base is kinked and buried and unavailable for base-pairing, as observed in the guide-bound structure of human Ago2 (51) (Figure 5b) . This finding provides an explanation for previous biochemical observations that 5 -terminal base identity is unimportant in target recognition (51) .
Target recognition, slicer activity, and conformational changes. A series of structures characterizing full-length archaeal Argonautes has provided crucial details on the protein's catalytic mechanism, its interaction with a guide strand to form a competent RISC, and the orientation of ternary complexes formed in the presence of the passenger strand or a target ssRNA. A crystal structure of Argonaute from Pyrococcus furiosus revealed that the PIWI domain adopts an RNase H-like fold, implicating it as the catalytic domain and site of slicer activity (83) . Similar to the requirements for RNaseH activity, RISC-catalyzed RNA cleavage requires divalent metal ions and yields a 5 product, which has a free 3 hydroxyl group, and a 3 product, which carries a 5 phosphate group. Crystal structures of Thermus thermophilus Argonaute bound to a DNA approximating the guide strand and an RNA target show a PIWI domain bearing a catalytic triad of aspartic acid residues that coordinates a pair of magnesium ions at an appropriate distance from the target strand's cleavage site (94) (Figure 5f ). This catalytic triad DDX (where X is Asp or His) motif was initially identified in catalytically active Argonautes, is absent from those lacking slicer activity, and appears to contrast with the catalytic tetrad DEDD motif characteristic of RNase H enzymes (65) . Curiously, the second magnesium ion could be observed only when crystallization conditions were adjusted from 50 to 80 mM Mg 2+ . Despite the B-form propensity of the DNA guide present in the T. thermophilus structures, the guide-target duplex adopts the A-form geometry typical of a dsRNA double helix; a dsRNA duplex bound by A. fulgidus PIWI also adopts the A-form architecture (70) . When T. thermophilus Argonaute is bound to a 12-nt target, the 3 terminus of the guide remains bound by the PAZ domain; in contrast, binding to a 15-nt or longer target induces release of the guide's end from the PAZ domain in order to accommodate the two strands' extension beyond a full turn (11 nt) of the A-form helix (94) (Figure 5e ). Concomitant slicing assays suggest that the 3 terminus of the guide strand must be released from the PAZ domain for cleavage to take place, which is consistent with the structural observations: Duplexes longer than a single turn can be oriented correctly for target strand cleavage only if the 3 terminus of the guide strand is released. This finding supports the previously proposed two-state model and refutes the fixed-end model that anticipated both termini of the guide strand remaining anchored during all stages of target recognition (94) (95) . Cleavage assays also demonstrate that bulges inserted into the guide's seed region prevent cleavage, whereas slicing can proceed in the presence of similar bulges in the same region of the target strand (93) .
The conformation of the guide strand in the absence of target is of mechanistic significance. In crystal structures of guide-loaded Argonaute, the nucleic acid is bound in a central basic tract that spans the two lobes of the protein. The seed portion (positions 2-6) is typically well-ordered, while electron density has not been observed for nucleotides past position 10, with the exception of a PAZ-bound terminal nucleotide (19, 65, 77, 95) . Recent eukaryotic Argonaute structures bearing a traditional guide strand of RNA reveal a preordered single helix in A-form geometry (19, 77) (Figure 5b) . The thermodynamic repercussions of an ordered guide strand were explored in a series of isothermal titration calorimetry experiments in the context of A. fulgidus PIWI (69). The study showed that a guide strand held in a helical conformation can increase the affinity for target up to ∼300-fold by decreasing the entropic cost that would otherwise be associated with ordering of the guide. This essentially increases the effective melting temperature and the propensity for binding between guide and target, which is of particular importance in consideration of the prevalence of mismatches in the miRNA pathway. Along with the reorientation of nucleic acid components upon RISC's binding of a target, the Argonaute protein has been observed or postulated to undergo its own rearrangements. A comparison of T. thermophilus Argonaute bound to a 10-nt versus a 21-nt guide shows moderate yet global reorientation of the protein (95) . The 10-nt guide-bound conformation is likely similar to the unavailable free structure, and the observed motion is presumed to be necessary to accommodate a full-length guide strand. The two lobes shift conformation again when a target is bound to the T. thermophilus protein, widening to allow formation of a double helix in the tract that previously housed only the guide strand (93) . Still another protein conformation is sampled when the guide-target duplex becomes long enough to induce 3 terminus release from the PAZ domain as discussed above (Figure 5e) ; this involves a pivoting of the PAZ domain and a substantial shift of the PIWI domain loops dubbed L1 and L2 (65, 94) (Figure 5g) . The significance of the L2 rearrangement became apparent upon determination of the structure of K. polysporus Argonaute, which bore a postrearrangement conformation with a glutamate residue of L2 positioned appropriately to act as a fourth catalytic residue in conjunction with the aforementioned three aspartic acids (65) . This observation can be extended to reveal mechanistic details of the T. thermophilus enzyme: Upon sufficient base-pairing between guide and target to release the 3 terminus from the PAZ domain, L2 shifts and deposits the final moiety of a catalytic tetrad, apparently acting as a trigger for catalysis (Figure 5h) . Thus, catalytically active Argonaute proteins indeed bear a DEDD (or DEDH in the case of human Ago2) catalytic tetrad as initially expected on the basis of the homology between the PIWI domain and RNase H enzymes, and 
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may undergo conformational change in response to target binding to facilitate selective catalytic activity (65) .
The K. polysporus structure revealed an architecture allowing unobstructed formation of an extended guide-target duplex; this is in contrast to the T. thermophilus enzyme, where the N domain would sterically clash with any such duplex longer than 16 bp (65) . The eukaryotic enzyme permits this by a rotation of the N domain. In the case of the human Ago2 structure, a potential steric clash is introduced: Helix 7 abuts and slightly reorients the seventh nucleobase of the guide strand, and its observed location would preclude target strand binding (77) (Figure 5b) . Helix 7 has been proposed to facilitate passenger strand release and/or to perform readout of miRNA target recognition that would be coupled to its necessary reorientation upon target binding (77) .
Interactions between Argonaute and other proteins. The interaction between human Argonaute and Dicer can be revisited in light of recent structural progress. As discussed above, the 58-aa PIWI-box was previously identified as the minimal portion of Argonaute sufficient for Dicer binding (85) . It is now apparent that the PIWI-box constitutes a three-stranded β-sheet from the middle of the PIWI domain. Interestingly, most of this subdomain is occluded in the context of the full protein, leaving few reasonable options for intermolecular contacts with Dicer. However, if a ∼10-aa stretch (bearing four proline residues) of Argonaute's N terminus were peeled away from the surface of the PIWI-box, it would reveal a much larger potential binding interface. Continued structural study is necessary to verify the nature of an interaction that is probably vital for RISC loading.
Three of the four human AGO proteins lack slicing activity, yet they remain capable of inducing robust translational repression. This is brought about by Argonaute recruiting glycine-and tryptophan-rich GW proteins that are components of the P body wherein mRNAs are degraded. One such protein, GW182, contains multiple binding sites for Ago2 (86) . The crystal structure of human Ago2 was determined in the presence of free tryptophan, revealing two pockets that each bind a tryptophan molecule primarily via hydrophobic interactions (77) (Figure 5i) . Both the 24Å spacing between pockets and the orientation of the carboxyl and amino groups of the bound amino acids are consistent with the geometry plausible for a pair of tryptophans in the context of a protein sequence with 8-14 aa between them, as is commonly found in GW proteins (77) . This finding likely reveals the mechanism by which the PIWI domain of human Ago2 serves as an interaction platform for additional components of the RNAi machinery, as previously suspected (88) .
GW-PABP Interface
The target-bound RISC binds GW proteins, which in turn form complexes localizing other cellular machinery to enact silencing. One such GW protein-induced recruitment is of poly(A)-binding proteins (PABPs). PABP binds the 3 poly(A) tail of mRNA and recruits PAIP1 and eIF4G to promote translation initiation via mRNA circularization (21) . The competing PABP interaction with a GW protein likely inverts these effects, inhibiting translation initiation and inducing deadenylation, followed by message degradation. The interaction between the GW protein TNRC6C and polyadenylate-binding protein 1 (PABPC1) has been characterized, revealing recognition of a disordered region of a DUF domain from TNRC6 by the α-helical C-terminal domain of PABPC1 (39) (Figure 6a) . The TNRC6C-interacting surface of PABPC1 overlaps with that used to bind PAIP1, suggesting the interactions are mutually exclusive. Concomitant assays in mammalian cell extracts demonstrated that mutations at the TNRC6C-PABPC1 interface impair mRNA deadenylation, providing evidence for this interaction's role in miRNA-mediated silencing (39) . The human endonuclease C3PO comprises hetero-and homodimers of Trax ( yellow) and/or Translin ( green and teal ). The teal-colored Translin homodimer in the foreground is partially cut away to reveal the side chains of Trax's active site, rendered as sticks. In this crystal structure, the complex adopts a hollow, egg-like shape with no obvious means for its passenger strand substrate to access the enclosed active sites (PDB ID: 3PJA).
C3PO
Once pre-RISC has been assembled, Argonaute's slicing activity can promote passenger strand dissociation. This dissociation and subsequent RISC activation are inhibited when slicing is inhibited either by Argonaute mutations, via protecting modifications to the passenger strand, or by Argonautes that lack catalytic activity (62, 63) . RISC activation is promoted by the exonuclease C3PO, which binds, nicks, and subsequently degrades the passenger strand of pre-RISC (100). C3PO comprises a multimeric assembly of Trax and Translin protomers. Each protomer adopts the same fold, but only Trax bears endonuclease activity. Recent crystal structures contain assemblies of Trax:Translin protomers in a ratio of 2:6 or 2:4 depending on the use of full-length or slightly truncated constructs (87, 100) (Figure 6b) . Curiously, the observed C3PO complexes form hollow egg-shaped enclosures, with an inner surface that bears the residues responsible for catalysis as well as an extensive positively charged surface that likely binds ssRNA (87, 100) . This architecture poses a mystery: How does the passenger strand substrate reach the inaccessible Trax active sites? It has been proposed that the substrate encounters the catalytic core either via a gapgenerating conformational change of the multimeric complex, or by a partial dissociation of the assembly. Observations from native mass spectrometry of the C3PO complex support the latter possibility; diverse assemblies were detected, including Trax:Translin ratios of 6:1, 6:2, 5:2, 5:3, and 4:3 (87).
FRONTIERS IN RNAi BIOPHYSICS
Strand Selection
Some of the most recalcitrant questions regarding RNAi pertain to the mechanisms of strand selection. Although the sequence-level tendencies are well documented, it remains unclear how guide and passenger strands are distinguished at the molecular level (33 binds the 5 -terminal nucleobase selectively, generating a strong preference that varies depending on the Argonaute and can be detected empirically by deep sequencing of small RNAs (33, 41) . In addition, the RNAi duplex bearing the 5 terminus and participating in less thermodynamically stable base-pairing is more likely to be loaded as the guide strand. The orientation of dicing does not determine guide strand identity (67, 73) , and it has been reported that an RNAi dsRBP can act as an asymmetry sensor (18, 89) and/or as a functional bridge between Dicer and Argonaute (10). Interestingly, it has been difficult to assign the precise mechanisms responsible for the detection of thermodynamic asymmetry, probably because it is a dynamic process involving nuanced action by multiple proteins.
P Bodies
P bodies are cytoplasmic foci of RNA-driven silencing (reviewed in Reference 44) and are home to a host of proteins that cooperate to degrade an mRNA that has been targeted by RISC. These regions are defined by a sprawling network of protein-protein interactions, with a structural glimpse provided by recent insight into the interfaces between GW proteins and PABPs or Argonaute proteins (39, 77) . Because the structures of many individual RNAi pathway proteins are now known, future structural biology efforts must focus on the binding sites between the players and the mechanisms by which they colocalize.
Kinetics of Repression, Decay, and RISC Turnover
An mRNA targeted by a nonslicing RISC is subject to translational repression, deadenylation, and exonucleolytic degradation, but the timing, mechanistic coupling, and relative importance of these processes have not been determined (reviewed in Reference 15). In the wake of cell-based studies implicating mRNA decay as the primary mode of silencing based on 12-and 32-h time points (30) , two similar studies, each using multiple 2-h time points, demonstrated for the first time that translational repression precedes deadenylation and decay of a targeted miRNA (1, 16) . These studies revealed the importance of kinetics in the silencing pathway. Impending studies will be especially illuminating if they are able to improve on the 2-h resolution used in recent experiments and/or track single molecules instead of population kinetics.
Another unresolved kinetic question pertains to the lifetime of the RISC complex. While RISCprotected small RNAs were initially thought to have half-lives on the order of days, recent reports have shown these RNAs to be substrates for degradation by enzymes such as XRN2 (reviewed in Reference 28). The lifetime (and determinants thereof ) of a given intact RISC will have profound repercussions on understanding miRNA function and successful design of siRNA-based therapies, so this area of inquest is fertile ground for biophysical study.
SUMMARY POINTS
1. The central macromolecules and interactions of the RNAi pathway have been identified, with increasing mechanistic insight provided by structural models.
2. A wealth of Argonaute structures has revealed the protein-RNA interactions central to RNAi.
3. The molecular architecture of Dicer is known, elucidating how different Dicers produce products of varying lengths.
